An increasing number of studies reveal the importance of long noncoding RNAs (lncRNAs) in gene expression control underlying many physiological and pathological processes. However, their role in skin wound healing remains poorly understood. Our study focused on a skin-specific lncRNA, LOC105372576, whose expression was increased during physiological wound healing. In human nonhealing wounds, however, its level was significantly lower compared with normal wounds under reepithelialization. We characterized LOC105372576 as a nuclear-localized, RNAPII-transcribed, and polyadenylated lncRNA. In keratinocytes, its expression was induced by TGF-β signaling. Knockdown of LOC105372576 and activation of its endogenous transcription, respectively, reduced and increased the motility of keratinocytes and reepithelialization of human ex vivo skin wounds. Therefore, LOC105372576 was termed "wound and keratinocyte migration-associated lncRNA 1" (WAKMAR1). Further study revealed that WAKMAR1 regulated a network of protein-coding genes important for cell migration, most of which were under the control of transcription factor E2F1. Mechanistically, WAKMAR1 enhanced E2F1 expression by interfering with E2F1 promoter methylation through the sequestration of DNA methyltransferases. Collectively, we have identified a lncRNA important for keratinocyte migration, whose deficiency may be involved in the pathogenesis of chronic wounds.
An increasing number of studies reveal the importance of long noncoding RNAs (lncRNAs) in gene expression control underlying many physiological and pathological processes. However, their role in skin wound healing remains poorly understood. Our study focused on a skin-specific lncRNA, LOC105372576, whose expression was increased during physiological wound healing. In human nonhealing wounds, however, its level was significantly lower compared with normal wounds under reepithelialization. We characterized LOC105372576 as a nuclear-localized, RNAPII-transcribed, and polyadenylated lncRNA. In keratinocytes, its expression was induced by TGF-β signaling. Knockdown of LOC105372576 and activation of its endogenous transcription, respectively, reduced and increased the motility of keratinocytes and reepithelialization of human ex vivo skin wounds. Therefore, LOC105372576 was termed "wound and keratinocyte migration-associated lncRNA 1" (WAKMAR1). Further study revealed that WAKMAR1 regulated a network of protein-coding genes important for cell migration, most of which were under the control of transcription factor E2F1. Mechanistically, WAKMAR1 enhanced E2F1 expression by interfering with E2F1 promoter methylation through the sequestration of DNA methyltransferases. Collectively, we have identified a lncRNA important for keratinocyte migration, whose deficiency may be involved in the pathogenesis of chronic wounds.
wound healing | long noncoding RNA | keratinocyte migration W ound healing is a fundamental and intricate process required to recover the integrity of the skin after injury, which is achieved through a series of well-orchestrated phases: hemostasis, inflammation, proliferation, and remodeling (1) . Failure of proceeding through such orderly and timely reparation leads to chronic nonhealing wounds, which often happen in patients with underlying disorders, such as venous insufficiency [venous ulcer (VU)] and diabetes mellitus [diabetic foot ulcer (DFU)] (2). Chronic wounds represent a major, and increasing, health and economic burden to our society. Current treatments for chronic ulcers focus on optimization of controllable healing factors, and efficient targeted approaches are essentially lacking (2) . Better understanding of the molecular pathogenesis of chronic wounds is a prerequisite for the development of more precise and effective treatments.
Long noncoding RNAs (lncRNAs) are a large and diverse class of noncoding RNA molecules with a length of more than 200 nt. Although more than 40,000 lncRNA loci have been identified in humans, less than 1% are functionally annotated (3, 4) . Study of the noncoding transcriptome reveals new and unanticipated biology, significantly advancing our understanding of normal physiology and disease pathology. Moreover, it has recently been shown that not only the expression but also the function of lncRNAs is more tissue-and cell type-specific than protein-coding genes, underscoring their great potential as precise therapeutic and diagnostic entities (5) . Interestingly, emerging studies have revealed important functions of lncRNAs in skin biology [e.g., lncRNAs TINCR and ANCR can regulate epithelial differentiation (6, 7) ]. In addition, several lncRNAs have been involved in the pathophysiology of skin diseases, including psoriasis (8, 9) , cutaneous squamous cell carcinoma (10), and melanoma (11) . However, the role of lncRNAs in skin wound healing remains unexplored.
Our study focused on a previously annotated but uncharacterized lncRNA, LOC105372576, since it was a top down-regulated lncRNA
Significance
Although constituting the majority of the transcriptional output of the human genome, the functional importance of long noncoding RNAs (lncRNAs) has only recently been recognized. The role of lncRNAs in wound healing is virtually unknown. Our study focused on a skin-specific lncRNA, termed "wound and keratinocyte migration-associated lncRNA 1" (WAKMAR1), which is down-regulated in wound-edge keratinocytes of human chronic nonhealing wounds compared with normal wounds under reepithelialization. We identified WAKMAR1 as being critical for keratinocyte migration and its deficiency as impairing wound reepithelialization. Mechanistically, WAKMAR1 interacts with DNA methyltransferases and interferes with the promoter methylation of the E2F1 gene, which is a key transcription factor controlling a network of migratory genes. This line of evidence demonstrates that lncRNAs play an essential role in human skin wound healing. in human DFU compared with foot skin and was specifically expressed in the skin among 27 human tissues. Using both gain-and loss-of-function studies, we demonstrated that LOC105372576 is important for the motility of keratinocytes and reepithelialization of human ex vivo skin wounds; thus, it was termed "wound and keratinocyte migration-associated lncRNA 1" (WAKMAR1). Our further mechanistic studies revealed that WAKMAR1 regulated the expression of transcription factor E2F1, which is upstream of a migratory gene network. WAKMAR1 interacted with multiple DNA methyltransferases (DNMTs) and subsequently affected binding of DNMT1 and DNA methylation at the E2F1 promoter. Collectively, our study identified WAKMAR1 as a promigratory lncRNA in human keratinocytes, and its deficiency may contribute to the pathogenesis of chronic wounds.
Results
WAKMAR1 Is a Nuclear-Localized, RNAPII-Transcribed, and Polyadenylated lncRNA. To identify lncRNAs that may be involved in the pathogenesis of human chronic wounds, we examined a recently published microarray dataset comparing human DFU with foot skin, which had not yet been analyzed for lncRNA expression (12) . Forty-one lncRNAs were revealed to be significantly differentially expressed (absolute fold change ≥ 3, false discovery rate < 0.01) between DFU and skin, and WAKMAR1 was identified as a top down-regulated lncRNA in DFU (Fig. 1A) . By surveying the expression pattern of these 41 differentially lncRNAs in RNA sequencing data of 27 human tissues from 95 individuals (13), we found that WAKMAR1 is predominantly present in the skin, with only scant levels in the kidney and the liver, which may be poised to exert a functional role in the skin ( Fig. 1B and Fig. S2 and Table S1 ). Among these different cell types, we found that WAKMAR1 was mainly expressed in epidermal keratinocytes and its level was enhanced by wounding (Fig. 1C) (Fig. 1D) . It has no homolog in nonprimate species, including mice (Fig. 1D) . Phylogenetic information-based codon substitution frequency analysis suggested that WAKMAR1 had no protein-coding potential, which is in line with the analysis result of the Coding Potential Calculator (15) (SI Appendix, Fig. S3A ). Using a cellular fractionation assay, we detected WAKMAR1 mainly in nuclear extracts, which is similar to the well-known nuclear noncoding RNA MALAT1 (16) and distinct from HPRT mRNA, which is mainly present in cytoplasm (17) (Fig. 1E ). To identify which RNA polymerase is responsible for WAKMAR1 transcription, we treated human primary keratinocytes with α-amanitin at a concentration (5 μg/mL) that has been shown to specifically inhibit RNA polymerase II (RNAPII) (18) . As expected, the expression of RNAPI-transcribed 28S and 18S rRNAs was not affected by α-amanitin treatment (SI Appendix, Fig. S3B ). The levels of WAKMAR1 and a known RNAPII-transcribed mRNA, RPLP0, were decreased by α-amanitin, suggesting that WAKMAR1 is also transcribed by RNAPII (Fig. 1F ). In addition, we determined a half-life of 3.5 h for WAKMAR1 in keratinocytes. This was further confirmed by treating the cells with actinomycin-D (5 μg/mL), which blocks total cellular transcription (18) (SI Appendix, Fig. S3C ). Furthermore, we examined the polyadenylation status of WAKMAR1 by separating Poly(A) + and Poly(A) − RNA. The qPCR results showed that WAKMAR1 was a polyadenylated transcript similar to ACTB mRNA but, in contrast to HIST1H1D, a known nonpolyadenylated RNA (19) (Fig. 1G) . Collectively, we identified WAKMAR1 as a nuclear localized, RNAPIItranscribed, and polyadenylated noncoding transcript in human primary keratinocytes.
WAKMAR1 Expression Is Reduced in Wound-Edge Keratinocytes of
Human Chronic Wounds. Next, we sought to validate and explore the expression pattern of WAKMAR1 in human normal wounds and in different types of chronic wounds. To this end, we created an excisional normal wound (NW) on the skin of healthy donors and collected wound edges 1 d (NW1) or 7 d (NW7) later, which represented wounds in the inflammatory or proliferative phase of wound repair (1) (SI Appendix, Fig. S2 and Table S1 ). In addition, we collected chronic nonhealing wound-edge biopsies from patients with VU or DFU (SI Appendix, Fig. S2 and Tables  S2 and S3 ). Expression analysis by qPCR showed that the expression of WAKMAR1 was increased during skin wound healing ( Fig. 2A ; the intact skin < NW1 < NW7); however, its level was significantly lower in VU and DFU compared with the day 7 wounds from healthy donors ( Fig. 2 A and B) . Furthermore, we used laser capture microdissection (LCM) to isolate epidermis, which predominantly consists of keratinocytes (20) . We could confirm that WAKMAR1 expression was induced in keratinocytes by skin injury (Fig. 2C) , as previously shown in Fig.  1C . Interestingly, we found that the WAKMAR1 expression in the wound-edge epidermis of VU was significantly lower compared with the day 7 normal wounds and the skin (Fig. 2C ). Based on its increased expression during healing and its loss in chronic wounds, we hypothesize that WAKMAR1 may play an important role in wound repair.
WAKMAR1 Expression Is Induced by TGF-β Signaling in Keratinocytes.
To understand the mechanism(s) regulating WAKMAR1 expression in wound-edge keratinocytes, we treated human primary keratinocytes with a variety of cytokines (IL-1α, IL-1β, IL-8, IL-17a, IL-17f, and GM-CSF) and growth factors (KGF, IGF1, VEGF-A, TGF-β1, TGF-β2, TGF-β3, and BMP-2) that are typically present in the wound environment. The qPCR analysis showed that several members of the TGF-β superfamily (i.e., TGF-β1, TGF-β2, TGF-β3, BMP-2) significantly induced WAKMAR1 expression in keratinocytes (Fig. 2D) . As two branches of TGF-β signaling, TGF-β and BMP, engage different receptors and SMAD transcription factors (21), we further explored the contribution of each signaling pathway. Interestingly, we observed a synergistic effect of TGF-β2 and BMP-2 on the induction of WAKMAR1 expression (Fig. 2E) . Importantly, inhibition of the TGF-β type I receptor (TGFBR1) with SB431542 and/or blockade of the BMP type I receptors (BMPR1A and BMPR1B) with DMH1 mitigated TGF-β signaling-induced WAKMAR1 expression (22, 23) (Fig. 2E) , suggesting that both TGF-β and BMP branches are engaged in WAKMAR1 regulation. In line with this, silencing the expression of SMAD1 or SMAD3, which is specific to the BMP and TGF-β branches, respectively, or SMAD4, which is shared by both branches, with siRNAs (SI Appendix, Fig. S4 ) significantly decreased the WAKMAR1 expression induced by TGF-β signaling (Fig. 2F) . Furthermore, we visualized WAKMAR1 expression in keratinocytes by in situ hybridization (ISH), which confirmed its nuclear localization and its increased expression after the treatment with TGF-β2 and BMP-2 ( Fig. 2G and SI Appendix, Fig. S5 ).
Altogether, these findings demonstrate that WAKMAR1 expression is induced by TGF-β signaling in keratinocytes. This is of special interest since the TGF-β signaling pathway has been known to be activated during wound healing, whereas it is deficient in human chronic wounds, such as VU and DFU, which might explain the lack of WAKMAR1 expression in chronic wounds (24, 25) .
WAKMAR1 Regulates Keratinocyte Motility and Reepithelialization of
Human ex Vivo Wounds. Keratinocyte migration is pivotal for wound reepithelialization, which fails in chronic wounds (26) . To study the effect of WAKMAR1 on cell motility, we knocked down WAKMAR1 expression by transfecting human primary keratinocytes with locked nucleic acid-modified antisense oligonucleotides (GapmeRs), which can enter the cell nucleus and catalyze RNase H-dependent degradation of cRNA targets. Two GapmeRs were designed to target different sites of WAKMAR1, and both significantly decreased its expression in keratinocytes, as confirmed by qPCR analysis (Fig. 3A) . Using scratch wound assays, we found that knockdown of WAKMAR1 significantly delayed wound closure ( Fig. 3B and Movie S1). In line with this, haptotactic transwell migration assay showed that lack of WAKMAR1 significantly reduced the migratory capacity of keratinocytes (Fig. 3C) . In addition to knockdown, we activated endogenous WAKMAR1 transcription in human primary keratinocytes using a CRISPR/Cas9 synergistic activation mediator (SAM) system (27) . To this end, we designed five single-guide RNAs (sgRNAs) targeting various regions of the WAKMAR1 promoter and found that sgRNA1 significantly increased WAKMAR1 expression, as shown by qPCR and ISH (Fig. 3 D-F and SI Appendix, Figs. S5 and S6 ). Of note, in ISH analysis, we observed that WAKMAR1 signal presented as a single dot in a nucleus; however, two or more foci were visible after keratinocytes were transfected with CRISPR/Cas9-SAM plasmids (Fig. 3E and SI Appendix, Fig. S5C ). Enhanced WAKMAR1 expression significantly accelerated wound closure, as shown in scratch wound assays ( Fig. 3G and Movie S2). Moreover, we showed that knockdown or activation of WAKMAR1 expression in keratinocytes did not affect cell proliferation or viability, demonstrating that the effect of WAKMAR1 on keratinocyte migration is not due to altered cell growth or death (SI Appendix, Fig. S7 ).
Next, we examined the effect of WAKMAR1 on wound reepithelialization using a human ex vivo wound model. Briefly, excisional wounds were made on the excised human skin and cultured for reepithelialization in 4-7 d (28). We applied the WAKMAR1-specific GapmeRs mixed with thermos-reversible F-127 hydrogel topically on the wounds immediately following injury and then on every other day for 5 d, which effectively reduced WAKMAR1 levels in human ex vivo wounds (Fig. 3H) . Moreover, using LCM to separate the epidermal and dermal compartments of the treated wounds, we found that the reduced WAKMAR1 level by GapmeR treatment mainly occurred in the epidermis (Fig. 3I) . Importantly, inhibition of WAKMAR1 significantly delayed reepithelialization of human ex vivo wounds (Fig. 3 J and K and SI Appendix, Fig. S8 and Table S1 ). Together, our study identified WAKMAR1 as an important positive regulator of keratinocyte motility, and the deficiency of WAKMAR1 may, at least partially, contribute to the failure of reepithelialization in chronic wounds.
WAKMAR1 Regulates a Gene Network Mediating Its Promigratory
Function in Keratinocytes. To gain more insight into the mechanisms underlying the biological function of WAKMAR1, we + cells were counted. *P < 0.05; **P < 0.01; ***P < 0.001 by Mann-Whitney U test (A-C) and unpaired two-tailed Student's t test (D-G).
Data are presented as mean ± SEM (A-C) or mean ± SD (D-G).
performed a global transcriptomic analysis in human primary keratinocytes upon WAKMAR1 knockdown (29) . The microarray analysis identified 119 differentially expressed genes upon the knockdown of WAKMAR1 (absolute fold change ≥ 1.3, P < 0.05), and a large majority (86 of 119) of them were downregulated (SI Appendix, Fig. S9 ). Gene set enrichment analysis (GSEA) (30) revealed that a set of cell migration-related genes (Gene Ontology accession GO:0016477) was significantly (P < 0.001) enriched among the genes down-regulated by WAKMAR1 GapmeR (Fig. 4A) . Using the STRING network analysis (31), we constructed a functional protein association network with the WAKMAR1-regulated genes (Fig. 4B ). Of note, many genes within this network have been previously involved in regulating cell migration. Here, we validated the expression of five hub genes: CDK6, HMMR, E2F1, KIF11, and FOS. They were decreased by WAKMAR1 GapmeR in human primary keratinocytes and ex vivo wound models, whereas activation of WAKMAR1 expression increased their expression (Fig. 4 C-E) . Moreover, silencing the expression of these five hub genes with gene-specific siRNAs resulted in significantly slower migration of keratinocytes and mimicked the effect of WAKMAR1 knockdown, suggesting that this gene network may mediate the biological function of WAKMAR1 in keratinocytes ( Fig. 4F and Movie S3).
To determine if the WAKMAR1-regulated genes were coordinately controlled by common transcription factors, we performed MetaCore analysis, which identified E2F1 as the top WAKMAR1-regulated transcription factor with its targets overrepresented in the differentially expressed genes (Fig. 5A ). In line with this, GSEA revealed that the E2F1-regulated genes [gene set E2F1_Q3 from Molecular Signatures Database v6.1 (32)] were significantly (P < 0.001) enriched among the genes down-regulated by WAKMAR1 GapmeR (Fig. 5B) . Silencing of E2F1 expression also reduced the levels of the aforementioned CDK6, HMMR, KIF11, and FOS (Fig. 5C) , indicating that (absolute fold change ≥ 1.3, P < 0.05). Genes up-or down-regulated by WAKMAR1 GapmeR are colored in pink or cyan, respectively. Genes previously reported to promote or inhibit cell migration are highlighted with red or blue frames, respectively. The expression of CDK6, HMMR, E2F1, KIF11, and FOS was analyzed by qPCR in keratinocytes transfected with WAKMAR1 GapmeRs (C), or with CRISPR/Cas9-SAM plasmids (D), and in human ex vivo wounds treated with WAKMAR1 GapmeRs (E). (F) Scratch wound assay of keratinocytes transfected with siRNAs specific to KIF11, E2F1, HMMR, CDK6, or FOS (n = 8). (Scale bar, 300 μm.) *P < 0.05; **P < 0.01; ***P < 0.001 by unpaired two-tailed Student's t test (C-E) or two way-ANOVA (F). Data are presented as mean ± SD and are representative of at least two independent experiments. E2F1 acts as an upstream regulator within the WAKMAR1-regulated gene network. We further addressed this functionally, and we found that silencing of E2F1 completely abolished the promigratory effect of WAKMAR1, suggesting that E2F1 is a key protein-coding gene mediating the biological function of WAKMAR1 in keratinocytes (Fig. 5D and SI Appendix, Fig. S10 ). Importantly, we showed that the expression of both WAKMAR1 and E2F1 was reduced in human chronic nonhealing wounds (i.e., VU, DFU) compared with normal day 7 wounds under the healing process (Fig. 5 E-G) , and there was a significant positive correlation between their levels (Fig. 5 H-J) , supporting that WAKMAR1 regulates E2F1 expression in vivo. Fig. S5 B and C) , suggests that it may act in a cis-acting manner. To this end, we assessed whether WAKMAR1 regulates the expression of genes at the local genomic region neighboring the WAKMAR1 locus. In the microarray data from WAKMAR1 knockdown keratinocytes, we found E2F1 as the top down-regulated gene among all of the genes encoded at chr20 (Fig. 6A ). Since E2F1 is also an upstream regulator of the gene network mediating WAKMAR1's biological function in keratinocytes, we next investigated how WAKMAR1 modulated E2F1 expression.
As most nuclear lncRNAs associate with chromatin and regulate gene expression through epigenetic mechanisms (33), we analyzed DNA methylation of the predicted active promoter of E2F1 in human primary keratinocytes (GRCh37/hg19, chr20:32,273,140-32,273,739) (Fig. 6B) . Using methyl-sensitive restriction enzyme (MSRE) qPCR, we showed that knockdown of WAKMAR1 increased the degree of methylation at CpG1 and CpG5 in this region, whereas up-regulation of WAKMAR1 expression decreased it (Fig. 6 B-D and SI Appendix, Fig. S11 A and B) . The change of CpG1 methylation by WAKMAR1 was further confirmed by using . qPCR analyses of E2F1 in the skin in day 1 (NW1) and day 7 (NW7) normal wounds from six healthy donors and in the wound edges of nine patients with VU (E and H) in NW7 (n = 8) vs. DFU (n = 29) (F and I) and in wound-edge epidermis isolated from healthy skin and NW7 (n = 6) and VU (n = 5) with LCM (G and J) are shown. (H-J) Expression correlation of WAKMAR1 with E2F1 in human skin, normal wounds (black dots), and chronic wounds (red dots). *P < 0.05; **P < 0.01; ***P < 0.001 by unpaired two-tailed Student's t test (C), two way-ANOVA (D), Mann-Whitney U test (E-G), or Pearson's correlation test (H-J). N.S., not significant. Data are presented as mean ± SD (C) or mean ± SEM (D-G).
bisulfite-pyrosequencing of a 100-bp region encompassing CpG1, with a tendency for a similar change at three adjacent CpGs (CpG2-CpG4; SI Appendix, Fig. S11 E-G) . Of note, no difference in DNA methylation could be detected upstream of this region (CpG6; SI Appendix, Fig. S11 C and D) . These data suggest that DNA methylation may mediate the effect of WAKMAR1 on E2F1 expression, which was supported by significantly increased E2F1 mRNA levels in keratinocytes following treatment with demethylating agent 5′-Aza-2′-deoxycytidine (Fig. 6E) .
This result prompted us to speculate that WAKMAR1 may physically interact with DNMTs, key enzymes in establishing and maintaining genomic methylation patterns (34) . Supporting this idea, DNMTs, but not the cytoplasmic protein HPRT, were predicted to interact with WAKMAR1 by a web-based algorithm, LncPro (35) (SI Appendix, Fig. S12 ). To test this hypothesis, we performed RNA immunoprecipitation (RIP) in human primary keratinocytes using antibodies against DNMT1, DNMT3A, DNMT3B, and EZH2 (a histone-lysine N-methyltransferase enzyme) (Fig. 6F) . Notably, antibodies against all three DNMTs The gene start distance from the WAKMAR1 transcriptional start site is shown on the x axis. The log-twofold change of expression levels between control and WAKMAR1 knockdown is shown on the y axis. Genes with absolute fold change ≥ 1.3 and P < 0.05 are highlighted. (B) Genomic snapshot of E2F1 promoter: CpG sites (black bars) analyzed by MSRE-qPCR (CpG1, CpG5, and CpG6) and bisulfite pyrosequencing (CpG1, CpG2, CpG3, and CpG4) and regions analyzed by ChIP-qPCR (blue bars) are highlighted. CGI, CpG island; ChromHMM, chromatin state segmentation by hidden Markov model from ENCODE/Broad; NHEK, normal human epidermal keratinocytes. MSRE-qPCR analyses of DNA methylation at CpG1 in keratinocytes transfected with WAKMAR1 GapmeR for 24 h and 40 h (n = 6) (C) or CRISPR/Cas9-SAM plasmids for 24 h and 48 h (n = 6) (D) are shown. Ctrl, control. (E) qPCR of E2F1 in keratinocytes treated with 5′-Aza-2′-deoxycytidine (5′-Aza) (n = 3). (F) qPCR analysis of WAKMAR1 and U1 small nuclear RNA immunoprecipitated from keratinocytes with DNMT1, DNMT3A, DNMT3B, and EZH2 antibodies or IgG (n = 3). ChIP-qPCR of E2F1 promoter region 1 was performed in keratinocytes transfected with WAKMAR1 GapmeRs (G) or CRISPR/Cas9-SAM plasmids (H) and immunoprecipitated using DNMT1 antibody or IgG (n = 3). *P < 0.05; ***P < 0.001 by unpaired two-tailed Student's t test (C-E, G, and H). N.D., not detected. Data are presented as mean ± SD. retrieved significant amounts of WAKMAR1. However, EZH2 did not show any interaction with WAKMAR1. As another negative control, U1 small nuclear RNA was not retrieved by any of these antibodies, indicating a specific interaction between WAKMAR1 and DNMTs (Fig. 6F) . Furthermore, chromatin immunoprecipitation (ChIP) coupled to detection by real-time qPCR (ChIPqPCR) analysis revealed that knockdown of WAKMAR1 increased, whereas activation of WAKMAR1 decreased, the binding of DNMT1, but not DNMT3A and DNMT3B, to the two aforementioned CpG1 and CpG5 regions at the E2F1 promoter (Fig. 6  B, G, and H and SI Appendix, Fig. S13 ), which explained the changed degree of methylation in these regions (Fig. 6 C and D and  SI Appendix, Fig. S11 ). Together, our data suggested a model in which WAKMAR1 RNA sequesters DNMTs, interfering with methylation of the E2F1 promoter and thus enhancing its transcription (SI Appendix, Fig. S14 ).
Discussion
Our study identified WAKMAR1 as a critical promigratory lncRNA in human wound-edge keratinocytes. It acts through activation of E2F1 expression, a key transcription factor upstream of a migratory gene network, by sequestering DNMTs and interfering with methylation of the E2F1 promoter. This finding underscores the importance of epigenetic regulation in skin wound healing. Epigenetic mechanisms, including covalent DNA and histone modifications, as well as chromatin remodeling, have been shown to be essential for homeostatic skin maintenance; however, their role in the wound healing response remains largely unexplored (36) . Recent studies unravel lncRNAs as major players in epigenetic regulation by interacting with histone modifiers or chromatin remodelers, while their role in regulating DNA methylation is less understood (37) . As DNMTs lack sequence specificity, several mechanisms have been involved in determining the DNA regions modified by DNMTs, such as interaction of DNMTs with histone modifiers or transcription factors that can recognize specific genomic loci (38) (39) (40) (41) . Interestingly, several lncRNAs [e.g., ecCEBP (42) , Dali (43), Dum (44), Dacor1 (45), LincRNA-p21 (44)] have been recently discovered to interact physically with DNMTs and regulate sequence-specific DNA methylation. Our finding identified WAKMAR1 as a DNMT-associated lncRNA in humans. Similar to ecCEBP and Dali, WAKMAR1 sequesters DNMTs and inhibits promoter methylation of its target gene. As DNMT1 has higher binding affinity with structured RNA than its DNA substrate, lncRNA ecCEBP has been demonstrated to act as a shield halting DNMT1 (42) . Here, we speculate a similar mechanism; that is, WAKMAR1 may compete for binding to DNMTs with either E2F1 promoter or protein cofactors (e.g., transcription factors) that are important in loading and orienting DNMTs on DNA.
Here, we show that WAKMAR1 regulates methylation of the E2F1 promoter, which is 9 Mb away from WAKMAR1 locus. This evidence sets WAKMAR1 apart from ecCEBP that is regulating its own parental locus (42) . A low degree of complementarity between the WAKMAR1 sequence and E2F1 promoter indicates that direct RNA/DNA interaction is unlikely. We hypothesize that chromatin looping, which brings transcriptional regulatory elements and promoters together (46) , may enable WAKMAR1-mediated regulation of E2F1 over such a long distance. In line with this, we noticed that E2F1 expression was decreased after silencing of RAD21 and NIBPL (SI Appendix, Fig. S15 ), which are critical factors for chromatin occupancies of the cohesion complex, facilitating enhancer-promoter looping (47) (48) (49) . Further study to determine if disruption of the long-range chromatin interaction may impair WAKMAR1-mediated activation of E2F1 expression is warranted.
E2F1 is an essential transcription factor in skin wound healing, as its deficiency delays wound repair in mice (50) . In line with previous findings (50), we show that lack of E2F1 in keratinocytes impairs cell migration, which reproduces the effects of WAKMAR1 knockdown. Moreover, silencing of E2F1 completely abolished the promigratory effect of WAKMAR1, strongly supporting that the biological function of WAKMAR1 is mediated through E2F1. Interestingly, increased E2F1 expression has been found in migrating keratinocytes at the wound edge compared with the resting epidermis of human skin (50) . Here, we observed increased E2F1 expression during wound healing, whereas its level in human chronic wounds was lower compared with the normal wounds under reepithelialization. These findings suggest that well-controlled E2F1 expression may be critical in wound repair. In addition, we found that WAKMAR1 expression was induced by TGF-β, which is an indispensable signaling pathway driving wound healing (51) . Keratinocytes lacking E2F1 exhibited a blunted chemotactic response to TGF-β1 (50) , which prompted us to speculate that WAKMAR1-mediated regulation of E2F1 may serve as a key link underlying the keratinocyte chemotactic response to TGF-β.
As WAKMAR1 is a recently evolved, nonconserved human lncRNA, our study provides human-specific mechanistic insights into skin wound healing. Intriguingly, the vast majority of human lncRNAs are not conserved in nonprimate species (52), while little is known about their clinical and functional relevance. Investigation of these recently evolved genomic regulatory features may open new opportunities in translational medicine. However, it is challenging to perform in vivo studies due to the lack of homologous mechanisms in rodents. Here, we applied a human ex vivo wound model and demonstrated the critical role of WAKMAR1 in wound reepithelialization in a complex and in vivo-like setting. Further studies using human-relevant in vivo models, such as human skin transplant in mouse models (53) , and nonhuman primate studies will be helpful to fully understand the in vivo function of WAKMAR1 and other nonconserved human lncRNAs.
Collectively, we identified a lncRNA WAKMAR1 critical for human keratinocyte migration, and its deficiency impaired reepithelialization of human wounds. This line of evidence shows that lncRNAs play an essential functional role in human skin wound healing. Moreover, our findings underscore the importance of lncRNAs in regulating locus-specific DNA methylation, which may offer the possibility to correct aberrant DNA methylation at specific genomic loci. Further exploration of the epigenetic regulatory network in human skin wound healing will open exciting opportunities for developing more effective wound therapy.
Materials and Methods
Written informed consent was obtained from all donors for the collection and use of clinical samples. The study was approved by the Stockholm Regional Ethics Committee and the Ethics Committee of the Second Hospital of Dalian Medical University. The study was conducted according to the Declaration of Helsinki's principles.
Detailed materials and methods used for human wound sample collection; cell culture; RNA extraction and qPCR; magnetic cell separation; ISH; CRISPR-SAM; analysis of cell motility, proliferation, and viability; human ex vivo wound modeling; gene expression microarray; LCM; cell fractionation; polyadenylation analysis; MSRE-qPCR; bisulfite pyrosequencing; RIP assay; and ChIP assay are provided in SI Appendix, Supplemental Experimental Procedures. Oligos and reagents used in this study are listed in SI Appendix ,  Table S4 .
The microarray data of human primary keratinocytes with WAKMAR1 knockdown have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GEO) database (accession no. GSE114908) (29) . Published microarray data of comparison of human DFU with foot skin are available in the GEO (accession no. GSE80178; https://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?acc=gse80178).
